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Summary  Page 


The  Problem 

To  develop  a  data  base  upon  which  to  establish  hearing-conservation  standards  for  Navy  di¬ 
vers  exposed  to  waterborne  noise. 

The  Findings 

Bareheaded  SCUBA  divers  may  be  exposed  continuously  for  fifteen  minutes  to  warble  tones 
centered  at  2000  Hz  through  3000  Hz  at  sound  pressure  levels  as  high  as  161  dB  re  1  /rPa,  and  to 
warble  tones  centered  at  4000  Hz  through  6000  Hz  at  sound  pressure  levels  as  high  as  171  dB  re 
1  //Pa  without  hazard  to  hearing.  Bareheaded  SCUBA  divers  may  be  exposed  for  four  minutes 
to  warble  tones  (125  Hz  through  1000  Hz)  at  sound  pressure  levels  as  high  as  161  dB  re  1  //Pa 
without  hazard  to  hearing.  Longer  exposures  at  these  frequencies  and  levels  may  not  be  innocu¬ 
ous.  However,  fifteen  minute  exposures  to  500  and  1000  Hz  warble  tones  are  not  hazardous  to 
ears  at  151  dB  re  1  //Pa.  The  warble  tones  used  here  are  comparable  to  1/3  octave  bands  of  noise 
or  frequency  sweeps  of  the  same  extent  (e.g.  some  sonar  transmissions). 

Application 

These  findings  contribute  to  the  establishment  of  a  hearing-conservation  standard  for  Navy 
divers  exposed  to  intense  noise  in  water. 


ADMINISTRATIVE  INFORMATION 

This  research  was  carried  out  under  Naval  Medical  Research  and  Development  Command  Work 
Unit  63713N  M0099.01C-5050,  Development  of  a  general  hearing-conservation  standard  for  div¬ 
ing  operations.  The  views  expressed  in  this  report  are  those  of  the  authors  and  do  not  reflect  the 
official  policy  or  position  of  the  Department  of  the  Navy,  the  Department  of  Defence,  or  the 
U.S.  Government.  It  was  approved  for  publication  on  30  Sep  1996,  and  designated  as  NSMRL 
Report  1203. 
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Abstract 


Preliminary  hearing-conservation  guidance  for  occupational  exposure  to  intense  waterborne 
sound  has  been  developed  but  little  supporting  experimental  evidence  has  been  offered.  This  pa¬ 
per  describes  two  attempts  to  experimentally  determine  the  auditory  hazard  to  SCUBA  divers  ex¬ 
posed  to  intense  noise  in  water.  Navy  divers  using  US  Navy  approved  self  contained  underwater 
breathing  apparatus  were  exposed  to  waterborne  warble  tones  with  center  frequencies  of  125  Hz 
through  6000  Hz  in  two  experiments.  In  the  first  experiment,  the  subjects,  seven  divers,  were  ex¬ 
posed  continuously  for  15  minutes  to  warble  tones  with  center  frequencies  of  250  Hz  through 
6000  Hz  both  in  air  and  in  water  and  temporary  auditory  threshold  shift  measurements  were 
taken.  Maximum  exposure  levels  in  water  were  141  dB  re  1  ^aPa  at  250  Hz,  161  dB  at  500, 

1,000, 2,000,  and  3,000  Hz,  and  171  dB  at  4,000  and  6,000  Hz.  Exposure  levels  of  the  warble 
tones  in  air  were  as  high  as  141  dB  (115  dB  re  20  //Pa).  A  second  group  of  12  subjects  were  ex¬ 
posed  continuously  for  four  minutes  to  waterborne  warble  tones  with  center  frequencies  of  125 
Hz  through  6000  Hz  at  exposure  levels  of  121  to  161  dB  re  1  //Pa.  For  the  first  group  (fifteen  m- 
inute  exposures)  mean  TTS  was  typically  less  than  5  dB  following  exposures  in  water  regardless 
of  exposure  level  except  for  the  500  Hz  exposure  condition.  For  the  500  Hz  condition,  TTS  ap¬ 
peared  to  grow  as  a  function  of  exposure  level  between  exposure  levels  of  141  to  161  dB.  The 
maximum  TTS  observed  in  any  subject  was  15.5  dB  for  any  15  minute  exposure  condition.  For 
the  second  group,  mean  TTS  was  never  as  high  as  10  dB  for  any  exposure  condition  and  no  cred¬ 
ible  dose/response  relationship  was  apparent.  It  was  concluded  that  bareheaded  SCUBA  divers 
may  be  exposed  continuously  for  fifteen  minutes  to  warble  tones  centered  at  2000  Hz  through 
3000  Hz  at  sound  pressure  levels  as  high  as  161  dB  re  1  //Pa,  and  to  warble  tones  centered  at 
4000  Hz  through  6000  Hz  at  sound  pressure  levels  as  high  as  171  dB  re  1  //Pa  without  hazard  to 
hearing.  Bareheaded  SCUBA  divers  may  be  exposed  for  four  minutes  to  warble  tones  (125  Hz 
through  1000  Hz)  at  sound  pressure  levels  as  high  as  161  dB  re  1  //Pa  without  hazard  to  hetuing. 
Longer  exposures  at  these  frequencies  and  levels  may  not  be  innocuous.  However,  fifteen  m- 
inute  exposures  to  500  and  1000  Hz  warble  tones  are  not  hazardous  to  ears  at  151  dB  re  1  //Pa. 
The  warble  tones  used  here  are  comparable  to  1/3  octave  bands  of  noise  or  frequency  sweeps  of 
the  same  extent  (e.g.  some  sonar  transmissions).  Because  initial  exposure  levels  were  low,  insuf¬ 
ficient  time  was  available  to  create  conditions  in  which  measurable  TTS  could  be  induced  with 
most  in-water  exposures.  Some  results  indicate  that  at  500  Hz,  noise  exposure  levels  in  water 
may  be  about  25  dB  higher  than  permissible  exposure  levels  in  air. 


[Blank  Page] 


Development  of  a  general  hearing  conservation  standard  for  diving  operations: 
Experiment  I  -Comparison  of  temporary  auditory  threshold  shifts 
induced  by  intense  tone  in  air  and  water 


Navy  divers  are  exposed  to  intense  water¬ 
borne  noise  originating  from  several  sources 
including  a  variety  of  hand-held  tools  and 
large-scale  active  sonar  systems  undergoing 
in-port  testing  (Smith  et  al.,  1970;  Harris, 
1971,  1973;  Mittleman,  1976;  Molvaer  and 
Gjestland,  1981;  Pearson,  1981;  Smith,  1983, 
1985).  High-frequency  sonar  is  also  used  as  a 
means  of  acoustically  tracking  divers,  result¬ 
ing  in  additional  noise  exposure  (Deatherage, 
et  al.,  1954;  Mullen,  1966;  Gill  and  Gardner, 
1978;  Rooney,  1979).  Other  noises  reputed  to 
bother  divers  include  shipboard  machinery 
noise  radiated  into  the  water  through  hulls, 
and  noise  produced  by  construction  activity 
such  as  pile  driving.  In  a  study  by  Molvaer 
and  Gjestland  (1981),  tools  were  found  to  pro¬ 
duce  A-weighted  noise  levels  of  170.5  dB  re  1 
/rPa^  octave  band  levels  produced  by  a  com¬ 
monly  available  underwater  rock  drill  were 
found  to  be  about  151  dB  at  63  Hz,  145  dB  at 
125  Hz,  142  dB  at  250  Hz,  140  dB  at  500  Hz, 
and  lower  levels  at  higher  frequencies.  In  the 
same  study,  another  commercially  available 
tool  produced  octave  band  levels  137  dB  at  63 
Hz,  140  dB  at  125  Hz,  153  dB  at  250  Hz,  and 
about  163  dB  at  all  higher  octave  bands. 

With  few  exceptions,  the  potential  for  these 
noises  to  damage  divers’  ears  has  not  been  as¬ 
sessed  systematically.  The  present  report  de¬ 
scribes  an  effort  to  develop  permissible 
exposure  limits  (PELs)  for  underwater  noise 
by  comparing  the  amounts  of  temporary  audi¬ 
tory  threshold  shift  (TTS)  induced  by  water¬ 
borne  sound  with  TTS  induced  by  airborne 
sound. 


This  is  a  continuation  of  previous  work  by 
Smith  and  Wojtowicz  (1985)  and  Smith  et  al. 
(1988)  using  a  paradigm  developed  by  Smith 
et  al.  (1970). 

Because  there  were  few  experimental  data 
on  the  effects  of  intense  waterborne  noise  on 
hearing  (Montague  and  Strickland,  1961; 
Smith  et  al.  1970),  Smith  (1983)  suggested 
that  PELS  for  underwater  noise  be  based  upon 
the  differences  in  hearing-threshold  sound 
pressure  levels  (SPLs)  in  water  (Smith,  1969, 
Brandt  and  Hollien,  1967)  vs.  in  air  (ISO, 
1961).  It  was  assumed  that  the  dynamic  range 
of  the  ear  is  the  same  in  both  media  although 
the  frequency  responses  differ.  That  is,  re¬ 
gardless  of  whether  the  ear  is  immersed  in  air 
or  in  water,  noises  that  are  equally  high  above 
threshold  level  are  equally  hazardous.  The 
only  direct  test  of  this  procedure  was  a  com¬ 
parison  of  TTSs  which  were  intentionally  in¬ 
duced  by  controlled  exposures  to  3500  Hz 
tones  in  air  and  in  water  (Smith  et  al.,  1970). 
While  those  single-frequency  TTS  results 
agreed  well  with  the  prediction  of  the  hazard 
based  upon  the  equal  sensory  magnitude  as¬ 
sumption  (Smith,  1983),  subsequent  results  at 
other  frequencies  were  not  predicted  well 
(Smith  and  Wojtowicz,  1984;  Smith  et  al., 
1988).  The  latter  authors  suggested  that 
among  possible  causes  of  the  failure  could  be 
that,  as  Montague  and  Strickland  (1961) 
found,  the  dynamic  range  of  the  water-im¬ 
mersed  ear  is  smaller  than  for  the  ear  in  air, 
and/or  the  Brandt  and  Hollien  (1967)  data 
used  as  normative  data  for  the  equal  magni¬ 
tude  procedure  may  be  masked  thresholds. 


1  All  sound  levels  are  referenced  to  IfiPa  unless  otherwise  indicated.  Subtract  26  dB  to  obtain  sound  levels 
referenced  to  20  [iPa. 
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Objectives 

This  report  describes  results  of  two  TTS 
demonstrations  that  were  performed  at 
Roosevelt  Roads  Naval  Station  in  Puerto  Rico. 

It  was  intended  to  obtain  further  data 
against  which  the  equal  sensory  magnitude  as¬ 
sumption  could  be  tested.  The  protocol  for 
this  research  proposed  initial,  frequency  de¬ 
pendent  exposure  levels  based  upon  Smith  et 
al.  (1988),  a  pilot  experiment  specifically 
done  for  purpose  of  establishing  initial  expo¬ 
sure  levels  for  the  present  experiments.  The 
proposed  initial  exposure  intensities  in  water 
were: 

146  dB  re  1  /tPa  at  frequencies  of 

1000  Hz  and  below, 

156  dB  re  1  //Pa  at  frequencies  of 

2000,  3000  and  4000  Hz, 

146  dB  re  1  //Pa  at  6000  Hz. 


The  proposed  experimental  protocol  was 
reviewed  by  two  Navy  in-house  committees 
for  the  protection  of  human  subjects.  Al¬ 
though  presented  with  the  Smith  el  al.  (1988) 
results,  those  committees  dictated  that  we  use 
exceedingly  conservative  initial  exposure  lev¬ 
els.  Although  this  limits  the  conclusions,  the 
results  can  be  used  to  establish  safe  levels  of 
sound  exposure  for  further  tests  of  underwater 
noise  hazard. 

Experiment  1 

Method 

Subjects.  The  subjects  were  seven  male 
U.S.  Navy  Divers  having  no  hearing  loss 
greater  than  20  dB  at  any  frequency. 

Dive  Site.  The  experiment  was  per¬ 
formed  in  November  of  1993  in  a  seawater- 
flooded  permanent  graving  dock  at  Roosevelt 
Roads  Naval  Station.  Figure  1  is  a  sketch  of 
the  set  up.  A  small  pontoon  boat  (A),  tethered 
to  the  dry  dock  wall  comprised  the  dive  plat- 


INSTRUMENTATION  UNIT 


Figure  L  The  experimental  arrangement  at  Roosevelt  Roads  Naval  Station. 
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form  for  the  diving  operations.  The  diver  su¬ 
pervisor  and  the  standby  diver  were  stationed 
there.  A  fixed  dive  stage  was  mounted  on  the 
bottom  of  the  dry  dock  (45  feet  deep)  and  rose 
to  a  water  depth  of  30  feet.  The  dive  stage 
held  the  sound  sources  on  one  end  (E),  the 
subject  12  feet  from  the  sound  source  on  the 
other  end  (B),  and  a  monitoring  hydrophone 
(D)  half  way  between  the  sources  and  the  sub¬ 
jects’  position.  At  the  subjects’  position  a 
B&K  8104  hydrophone  used  for  calibration 
was  suspended  from  a  movable  arm  that  could 
be  rotated  out  of  the  way  during  exposures.  It 
also  served  as  an  additional  monitor  hydro¬ 
phone. 

An  underwater  video  camera, (C)  -  US 
Navy  Diver  Underwater  Camera  System, 
Dues  -  was  mounted  on  the  stage  to  observe 
the  subjects  during  exposures  and  to  log 
events  on  video  tape.  A  van  located  ten  feet 
from  the  edge  of  the  dry  dock  housed  the  div¬ 
ing  support  equipment  including  the  DUCS 
console.  Visual  and  verbal  line-of-sight  com¬ 
munications  were  maintained  between  the 
diver  supervisor  and  the  diver  recorder  sta¬ 
tioned  in  the  diver  support  van.  The  recorder 
continuously  monitored  the  DUCS  and  main¬ 
tained  dive  logs.  A  second,  adjacent  van  (In¬ 
strumentation  van)  contained  all  sound 
generation  and  measurement  equipment,  as 
well  as  the  auditory  test  equipment.  Line  of 
sight  visual  and  verbal  communications  be¬ 
tween  the  experimenters  and  the  diver  supervi¬ 
sor  were  maintained  through  a  small  port  hole 
in  the  instrumentation  van.  Communications 
between  the  diver  supervisor  and  the  diver 
subject  were  by  hand  line  through  the  diver 
tender.  The  subject  could  also  be  hailed  by 
voice  through  the  underwater  loudspeaker  of  a 
diver  communication  system. 

Sound  Field.  Warble  tone  waveforms 
were  computed  by  a  desktop  microcomputer 
(Compuadd  325),  downloaded  to  a  program¬ 
mable  signal  source  (Tucker-Davis-Technolo- 


gies),  and  passed  to  an  Instruments  Incorpo¬ 
rated  L-6  amplifier  which  drove  one  of  two 
underwater  sound  projectors.  Exposure  fre¬ 
quencies  were  250, 500, 1,000, 2,000, 3,000, 
4,000,  and  6,000  Hz.  Warble  tones  (+1-5%  of 
center  frequency,  5  Hz  warble  rate)  were  used 
as  stimuli  to  ameliorate  the  effects  of  standing 
waves  within  the  test  area.  For  frequencies  of 
1000  Hz  and  higher,  the  projector  was  a  Un¬ 
derwater  Sound  Reference  Detachment 
(USRD)  F  56  transducer;  lower  frequencies 
were  projected  by  a  Honeywell  HX-180 
transducer. 

The  specific  subject  location  for  the  expo¬ 
sures  was  determined  prior  to  the  experiment 
by  mapping  sound  fields  at  various  locations 
using  a  Bruel  and  Kjaer  (B&K)  8104  hydro¬ 
phone  and  a  B&K  2133  real-time  frequency 
analyzer.  The  maps  were  developed  by  re¬ 
cording  the  sound  pressure  levels  at  1/2  meter 
intervals  vertically  and  horizontally  within  a 
one  meter  cubic  space.  Several  depths  and 
standoff  distances  from  the  dry-dock  wall 
were  examined.  The  location  with  the  least 
SPL  deviation  within  a  cubic  meter  was  cho¬ 
sen  for  the  exposure  area.  The  subject  expo¬ 
sure  location  finally  chosen  was  about  24  feet 
from  the  graving  dock  wall  with  the  subject 
facing  the  wall  and  the  sound  source  between 
the  subject  and  the  wall.  The  best  depth  was 
about  30  feet. 

Experimental  Procedure.  Prior  to  each 
exposure  condition,  the  signal  was  projected 
and  measured  at  the  subjects’  position  (sub¬ 
ject  absent)  with  the  B&K  8104  hydrophone 
and  a  B&K  2133  analyzer.  The  sound  level  at 
the  second  hydrophone  (USRD  F  42  D)  that 
was  located  between  the  projector  and  the  sub¬ 
jects’  location  was  also  recorded.  This  hydro¬ 
phone  was  used  to  monitor  the  in-water 
stimulus  level  during  exposures. 

Each  subject  was  administered  a  two- 
minute,  single-frequency  hearing  test  prior  to 
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each  exposure.  The  test  frequency  was  1/2  oc¬ 
tave  above  the  frequency  to  which  the  subject 
was  about  to  be  exposed.  That  is  the  fre¬ 
quency  at  which  maximum  TTS  is  expected 
to  occur  (Smith,  1984, 1988).  Thus,  for  the 
exposure  frequencies  of  250, 500, 1,000, 

2,000, 3,000, 4,000,  and  6,000  Hz,  the  respec¬ 
tive  test  frequencies  were  375, 750, 1,500, 
3,000, 4,000, 6,000,  and  8,000  Hz.  This  test 
was  administered  to  each  subject’s  most  sensi¬ 
tive  ear  at  the  frequency  of  interest  (which 
may  have  differed  left  or  right  for  each  indi¬ 
vidual  or  individual  exposure  frequencies) 
based  upon  clinical  and  other  prior 
audiograms.  Although  underwater  sound 
would  affect  both  ears,  a  single  ear,  the  sub¬ 
ject’s  most  sensitive,  was  chosen  for  early  de¬ 
tection  of  TTS.  Effects  in  the  contralateral  ear 
were  checked  by  comparing  audiograms  taken 
at  the  end  of  the  day  against  audiograms  taken 
the  same  morning. 

Once  the  preexposure  test  was  complete, 
the  subject  then  entered  the  water,  dove  to  the 
dive  stage  and  signaled  when  ready.  While  re¬ 
maining  stationary,  using  open  circuit 
SCUBA,  the  subject  was  to  be  exposed  to  a 
warble  tone  for  15  minutes. 

At  the  conclusion  of  the  noise  exposure  the 
subject  had  one  minute  to  surface  and  exit  the 
water.  After  examination  by  the  diver  supervi¬ 
sor,  the  subject  was  handed  off  to  an 
audiometric  technician.  The  subject  and  his 
tender  arrived  at  the  audiometric  booth  in  the 
instrumentation  van  no  later  than  two  minutes 
after  the  end  of  the  noise  exposure.  The  sub¬ 
ject’s  ears  were  examined  by  the  audiometric 
technician  and  any  excess  water  was  removed 
by  a  swab  if  necessary.  The  subject  then  en¬ 
tered  the  booth  and  began  the  post-exposure 
hearing  test  at  a  frequency  one  half  octave 
above  the  exposure  frequency.  It  was  planned 
to  have  the  subject  in  the  booth  undergoing 
the  post  exposure  test  in  time  to  measure  TTS 
at  four  minutes  after  the  end  of  the  exposure. 


Throughout  this  post-exposure  test  the  subject 
was  under  observation  by  his  tender  through  a 
window  in  the  booth  wall. 

Some  subjects  experienced  non-auditory 
sensations  during  exposure  to  250  Hz.  Be¬ 
cause  there  was  great  interest  in  such  effects, 
the  subjects  were  subsequently  instructed  to 
surface  when  non-auditory  effects  were  noted 
even  if  the  effects  were  not  disturbing.  Conse¬ 
quently,  especially  at  1000  Hz,  the  exposure 
durations  were  less  than  15  minutes  for  some 
of  the  upper  exposure  levels.  Although  the 
post  exposure  audiometric  test  was  adminis¬ 
tered,  those  results  are  not  included  in  further 
analyses  of  auditory  effects. 

Diving,  In-water  Exposure  Regimen,  and 
Termination  Criteria.  The  experimental 
regimen  consisted  of  up  to  seven  repetitive 
compressed  air  open  circuit  SCUBA  dives 
each  dive  day.  TTie  same  exposure  frequency 
was  used  throughout  each  day.  During  each 
dive  a  fifteen  minute  noise  exposure  was  ad¬ 
ministered  except  at  250  Hz.  Because  of  sig¬ 
nal  strength  limitations  it  became  apparent 
that  no  TTS  would  be  produced  by  fifteen  m- 
inute  exposures  at  250  Hz  (the  subjects  could 
barely  hear  the  signal).  Consequently,  expo¬ 
sure  duration  was  reduced  to  five  minutes  at 
250  Hz,  a  time  sufficient  to  obtain  reliable  in¬ 
formation  on  non-auditory  sensations).  On 
successive  dives,  the  exposure  level  was  10 
dB  higher  than  the  previous  exposure  level  if 
a  subject’s  TTS  was  less  than  10  dB.  The  re¬ 
search  protocol  specified  that  if  a  subject’s 
TTS  was  greater  than  10  dB  but  less  than  15 
dB,  his  subsequent  exposure  level  would  be 
increased  by  5  dB.  If  a  TTS  of  15  dB  or 
greater  was  achieved,  the  subject  would  dis¬ 
continue  exposures  for  the  day.  The  exposure 
levels  were  to  be  increased  until  a  criterion 
TTS  of  15  dB  or  greater  was  induced  by  a  sin¬ 
gle  exposure.  As  will  be  seen,  because  initial 
exposure  levels  were  so  low,  no  confirmed 
TTS  of  15  dB  or  greater  was  observed  in  any 
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subject  during  these  exposures  with  the  excep¬ 
tion  of  the  maximum  exposure  level  adminis¬ 
tered  to  a  few  individuals  at  a  few 
frequencies.  Accordingly,  there  were  no  in¬ 
stances  in  which  less  than  a  10  dB  increase 
was  made  for  a  subsequent  exposure  in  water. 

In-air  Exposure  Regimen.  A  similar  ex¬ 
posure  routine  was  followed  on  non-dive  days 
with  exposures  administered  by  TDH-39  ear¬ 
phone  to  a  single  ear.  Except  for  that,  instru¬ 
mentation  and  procedures  for  the  in-air 
exposures  were  the  same  as  for  the  in-water 
exposures.  The  in-air  system  was  calibrated 
using  a  B&K  4152  artificial  ear.  Separate  in¬ 
strumentation  setups  were  used  for  the  two 
conditions  however.  Either  system  could  pro¬ 
vide  backup  for  the  other. 

Results  from  the  First  Experiment 

Exposures  in  water.  Table  I  summarizes 
the  results  of  the  in- water  exposures  for  expo¬ 
sure  frequencies  of  500  through  6000  Hz.  Be¬ 
cause  of  the  small  numbers  of  subjects  and  the 
varying  numbers  across  conditions,  the  me¬ 
dian  as  well  as  the  mean  TTS  four  minutes  af¬ 
ter  the  end  of  the  exposure  are  shown. 
Similarly,  in  addition  to  the  standard  devia¬ 
tion,  the  lowest  and  highest  TTSs  observed 
and  the  number  of  subjects  are  shown  for  each 
exposure  condition.  The  frequencies  at  which 
TTS  was  measured  were  about  one-half  oc¬ 
tave  above  the  indicated  exposure  frequen¬ 
cies.  All  data  in  Table  I  are  for  fifteen  minute 
exposures.  Table  II  shows  the  results  for  the 
five  minute  exposures  at  250  Hz. 

The  number  of  subjects  in  the  various  con¬ 
ditions  shown  in  Tables  I  and  II  varied  for  sev¬ 
eral  reasons.  Seven  subjects  reported  for  the 
experiment.  One  was  disqualified  for  partici¬ 
pation  in  the  6000  Hz  exposure  conditions  on 
the  basis  of  preliminary  audiometry.  A  sec¬ 
ond  subject  incurred  a  very  large  threshold 
shift  from  exposure  in  air  to  3000  Hz  at  141 
dB  (115  dB  re  20  pPa).  He  was  disqualified 


from  further  participation  in  the  experiment. 
He  was  held  for  follow  up  observation  and  un¬ 
til  his  hearing  level  had  fully  recovered.  He 
did  make  a  dive  to  observe  non-auditory  ef¬ 
fects  at  250  Hz  at  141  dB.  After  completing 
3000  and  6000  Hz  exposures,  one  subject 
withdrew  from  the  experiment  for  personal 
reasons.  At  6000  and  4000  Hz,  after  three 
subjects  had  yielded  insignificant  TTSs  at  the 
lower  levels,  the  initial  exposure  level  for  sub¬ 
sequent  subjects  was  141  dB.  At  3000  Hz  the 
series  was  terminated  for  three  subjects  by  a 
power  failure  after  completing  four  dives  with 
a  maximum  exposure  level  of  141  dB.  An¬ 
other  power  outage  similarly  affected  data  col¬ 
lection  at  2000  Hz.  At  1000  Hz,  power 
failures  occurring  during  exposures  caused 
some  to  be  terminated  prematurely.  Three  sub¬ 
jects  were  run  at  171  dB  but  those  exposures 
were  aborted  because  all  three  subjects  experi¬ 
enced  non  auditory  effects.  At  500  Hz  three 
of  four  subjects  run  were  exposed  at  161  dB 
but  one  exposure  was  aborted  by  a  power  fail¬ 
ure  that  also  precluded  running  the  fourth  sub¬ 
ject  at  161  dB. 

TTS  was  not  expected  at  250  Hz  because 
of  signal  strength  limitations.  Hence,  expo¬ 
sure  durations  were  limited  to  five  minutes,  a 
time  sufficient  to  demonstrate  the  innocuous 
nature  of  those  exposure  conditions  from  an 
auditory  perspective  and  for  the  subjects  to 
make  observations  of  non-auditory  effects. 

At  250  Hz,  two  additional  subjects  (participat¬ 
ing  Diving  Medical  Officers)  and  five  regular 
subjects  made  observations  of  non-auditory  ef¬ 
fects,  chiefly  vibratory  sensations  that  were  of 
interest  for  other  purposes.  The  results  of 
those  observations  are  described  in  greater  de¬ 
tail  by  Steevens  and  Smith  (1996).  Smith 
(1988)  also  reported  on  non-auditory  effects 
accompanying  exposure  to  intense  waterborne 
sound.  TTS  results  for  250  Hz  are  shown  in 
Table  II.  The  maximum  exposure  level  was 
141  dB  and  maximum  TTS  produced  in  any 
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Table  1 

Temporary  Threshold  Shifts  (15  Minute  Exposures).  Roosevelt  Roads,  Puerto  Rico, 
November  1993.  In-Water  Exposures. _ _ 


Exposure 


Exposure 

Level  dB 

Standard 

Range 

Frequency 

re  1  uPa 

Mean 

Deviation  Median 

Low 

High 

n 

500  Hz 

121 

2.2 

3.8 

1.9 

-1.6 

6.6 

4 

131 

2.5 

4.0 

3.1 

-2.2 

5.8 

4 

141 

0.1 

3.1 

0.1 

-3.3 

3.3 

4 

151 

6.5 

3.7 

6.3 

2.3 

11.0 

4 

161 

13.9 

2.3 

13.9 

12.3 

15.5 

2 

1000  Hz 

121 

-2.7 

8.3 

1.3 

-15.0 

2.3 

4 

131 

0.7 

1.8 

0.2 

2.7 

6.8 

3 

141 

1.7 

6.3 

3.4 

-6.9 

6.8 

4 

151 

0.7 

4.9 

-0.3 

-4.0 

7.1 

4 

161 

6.2 

6.5 

7.5 

-0.8 

12.0 

3 

171 

1.7 

1.4 

2.4 

0.1 

2.6 

3 

2000  Hz 

121 

1.1 

2.2 

2.3 

-2.3 

2.7 

5 

131 

1.2 

4.3 

-1.3 

-1.7 

8.4 

5 

141 

2.2 

6.1 

0.2 

-4.8 

10.7 

5 

151 

0.9 

4.1 

0.9 

-2.0 

3.8 

2 

161 

0.4 

2.8 

0.4 

-1.6 

2.3 

2 

3000  Hz 

111 

0.1 

6.1 

-0.4 

-9.5 

7.0 

6 

121 

-1.5 

7.3 

-1.3 

-10.3 

9.9 

6 

131 

1.0 

8.4 

1.4 

-9.9 

10.7 

6 

141 

1.8 

5.0 

1.6 

-3.8 

9.7 

6 

151 

-2.6 

9.2 

-3.0 

-11.6 

6.7 

3 

161 

-1.5 

9.5 

1.3 

-13.3 

4.4 

3 

4000  Hz 

121 

0.4 

1.0 

0.8 

-0.8 

1.1 

3 

131 

2.2 

5.0 

-0.2 

-1.1 

8.0 

3 

141 

2.8 

4.5 

1.3 

-1.3 

9.3 

5 

151 

5.2 

5.9 

2.6 

0.7 

15.3 

5 

161 

1.3 

6.6 

-0.3 

-5.7 

10.4 

5 

171 

1.9 

5.8 

3.1 

-6.7 

9.1 

5 

6000  Hz 

111 

3.7 

8.2 

-0.6 

-1.4 

13.1 

3 

121 

-1.8 

5.6 

-1.6 

-7.4 

3.7 

3 

131 

-1.9 

10.2 

2.9 

-13.6 

5.1 

3 

141 

1.5 

4.1 

1.1 

-2.7 

8.4 

6 

151 

-0.4 

5.0 

-1.6 

-5.5 

6.4 

6 

161 

4.9 

4.8 

3.9 

-1.2 

12.7 

171 

2.2 

5.1 

3.1 

-4.3 

7.3 

6 

subject  was  4.8  dB.  Median  TTSs  were  -0.4 
and  0.6  dB  at  131  and  141  dB  respectively. 

In  experiments  involving  diving,  extrane¬ 
ous  factors  such  as  incomplete  equalization  of 
middle  ear  pressure  following  a  dive  can  pro¬ 


duce  spurious  threshold  shifts.  The  ranges  of 
TTS  shown  in  Table  I  are  the  raw  threshold 
changes  existing  at  4  minutes  after  the  expo¬ 
sure  terminated  including  suspected  cases  of 
spurious  threshold  shifts.  The  research  proto¬ 
col  required  that  if  a  confirmed  TTS  of  10  dB 
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Table  2 

Temporary  Threshold  Shifts  (5  Minute  Exposures).  Roosevelt  Roads,  Puerto  Rico, 
November  1993.  In-Water  Exposures.  _ 


Exposure 

Exposure  Level  dB  Standard  Range 

Frequency  re  1  iiPa  Mean  Deviation  Median  Low  High  n 

250  Hz  131  -0.9  4.2  -0.4  -7.7  4.8  7 

141  0.4  3.4  0.6  -4.8  4.2  7 


was  induced  by  any  exposure,  the  subsequent 
exposure  for  that  subject  would  increase  by 
five  rather  than  ten  dB.  Table  I  reveals  a  few 
instances  in  which  that  protocol  rule  was  ap¬ 
parently  violated.  For  example,  one  subject 
incurred  a  TTS  of  10.7  dB  when  exposed  in 
water  to  3000  Hz  at  131  dB.  That  subject’s 
next  exposure  level  should  have  been  136  dB. 
Yet,  all  six  subjects  were  subsequently  run  at 
141  dB.  Two  other  instances  are  shown  for 
exposure  to  4000  Hz  at  151  and  161  dB.  In 
the  first  case,  the  TTS  was  initially  recorded 
as  7  dB  rather  than  10.7  dB  and  that  error  was 
not  detected  until  the  data  were  reviewed 
later.  In  the  other  cases,  the  apparently  signifi¬ 
cant  TTSs  were  declared  spurious  by  the  first 
author.  With  the  concurrence  of  the  medical 


officer  and  diving  supervisor  and  the  subjects, 
those  subjects  were  subsequently  exposed  as 
if  no  significant  TTS  had  occurred.  The  valid¬ 
ity  of  those  judgements  was  confirmed  when 
the  subjects  involved  incurred  less  TTS  from 
subsequent  exposures  at  higher  levels.  Other 
instances  of  apparent  protocol  violation  may 
be  seen  in  Table  I. 

At  111  dB  and  121  dB  at  all  frequencies  all 
subjects  reported  the  waterborne  signals  as 
barely  audible.  Only  at  the  higher  exposure 
levels  did  subjects  report  that  the  signal  was 
louder  than  exhaust  bubbles. 

Figure  2  is  a  plot  of  the  mean  TTS  for  the 
in-water  exposures  for  the  exposure  frequen- 


111.0  121.0  131.0  141.0  151.0  161.0  171.0 

Exposure  Level  SPL  dB  re  1  pPa 

■  2000  Hz  ♦  3000  Hz  a  4000  Hz  □  6000  Hz 


Figure  2.  Mean  temporary  auditory-threshold  shifts  following  fifteen-minute  exposures  in  water  to  the  exposure 
frequencies  2000  through  6000  Hz. 
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Figure  3.  Individual  subjects’  temporary  auditory-threshold  shifts  following  fifteen-minute  exposure  to  1000  Hz 
warble  tones  in  water. 


cies  2000  through  6000  Hz.  The  number  of 
subjects  for  each  data  point  is  shown  in  Table 
I.  Note  that  there  is  a  lack  of  clear  dose-effect 
relationship  even  for  exposure  levels  of  141 
through  171  dB  at  4000  and  6000  Hz.  For 
those  conditions,  no  subjects  were  eliminated 


because  of  TTS  as  exposure  levels  increased. 
At  2000  and  3000  Hz  there  were  only  2  and  3 
subjects  respectively  for  the  151  and  161  dB 
exposure  conditions  because  of  power  fail¬ 
ures.  For  the  four  frequencies  in  Figure  2, 
mean  TTS  never  was  as  large  as  5  dB.  As 
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Figure  4.  Individual  subjects’  temporary  auditory-threshold  shifts  following  ffifteen  minute  exposure  to  500  Hz 
warble  tones  in  water. 
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shown  in  Table  I,  the  maximum  TTS  ob¬ 
served  at  those  frequencies,  including  sus¬ 
pected  cases  of  spurious  TTS,  did  not  exceed 
15.3  dB. 

Figure  3  shows  the  individual  results  for 
four  subjects  at  1000  Hz,  It  suggests  that  me¬ 
dian  TTS  becomes  greater  than  5  dB  at  the 
161  dB  exposure  level  although  there  is  also 
suggested  a  growth  of  TTS  beginning  at  lower 
exposure  levels  as  well.  Figure  4  is  a  plot  of 
the  individual  results  at  500  Hz  for  the  same 
four  subjects  shown  in  Figure  3.  It  appears 
that  onset  of  TTS  may  occur  at  the  151  dB  ex¬ 
posure  level  at  500  Hz.  At  both  500  and  1000 
Hz  there  was  essentially  no  reliable  TTS  at  ex¬ 
posure  levels  of  141  dB  and  lower. 

Exposures  in  air.  Figure  5  and  6  are 
plots  of  the  mean  TTS  produced  by  exposures 
in  air.  These  are  unremarkable;  rather  typical 
dose/response  relationships  are  evident  at  all 
frequencies.  From  the  111  to  the  121  dB  ex¬ 
posure  levels,  TTS  increased  between  5  and 
10  dB  depending  on  frequency.  Both  figures 
are  less  meaningful  beyond  121  dB  because 


the  number  of  subjects  in  each  exposure  level 
varied  as  some  exceeded  the  10  or  15  dB  TTS 
limits.  For  the  frequencies  given  in  Figure  5, 
mean  TTSs  appear  to  be  10  dB  or  greater  at 
the  131  dB  level.  Had  all  subjects  been  ex¬ 
posed  at  that  level,  the  mean  TTS,  may  have 
been  higher.  Exposures  in  air  above  131  dB 
were  not  often  administered  at  2000  through 
4000  Hz  because  subjects  complained  about 
the  loudness  of  the  signals.  In  general,  the 
subjects  found  the  exposures  in  air  to  be  more 
unpleasant  then  the  exposures  they  experi¬ 
enced  in  water.  Some  refused  higher  expo¬ 
sure  levels  after  experiencing  lower  ones, 
others  were  not  run  at  higher  levels  because 
the  investigators  believed  sufficient  data  had 
been  obtained  for  purposes  of  the  research. 

Pre-exposure  audiograms.  Although  lit¬ 
tle  TTS  occurred  for  the  in-water  exposures, 
there  is  concern  that  the  results,  positive  or 
negative,  could  result  from  changes  in  pre-ex¬ 
posure  audiograms.  If  pre-exposure  thresh¬ 
olds  increased  as  a  result  of  repetitive  diving, 
effects  of  subsequent  exposures  could  be 
masked.  It  is  also  possible  that  similar  time- 
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Figure  5.  Mean  temporary  auditory-threshold  shifts  following  fifteen-minute  exposures  in  air  to  the  exposure 
frequencies  2000  through  6000  Hz. 
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Figure  6,  Mean  temporary  auditory-threshold  shifts  following  fifteen-minute  exposures  in  air  to  the  exposure 
frequencies  250  through  1000  Hz. 


order  effects  could  have  affected  the  data  dur¬ 
ing  the  later  stages  of  the  experiment.  The 
only  frequencies  at  which  potentially  signifi¬ 
cant  TTS  was  found  were  at  1000  and  500 
Hz,  the  last  two  frequencies  administered  dur¬ 
ing  the  experiment. 

Figure  7  presents  plots  for  each  test  fre¬ 
quency  (one  half  octave  above  the  exposure 
frequencies)  of  the  median  pre-exposure 
thresholds  across  exposure  episodes  for  in-air 
and  in-water  conditions.  There  are  few  indica¬ 
tions  of  changes  in  pre-exposure  thresholds 
that  could  bias  the  results  significantly.  At 
4000  Hz  (3000  Hz  exposure  frequency),  the 
median  pre-exposure  threshold  for  exposure 
#6  is  about  6  dB  lower  than  that  for  exposure 
#5.  This  could  have  produced  a  larger  appar¬ 
ent  TTS  at  161  dB  than  151  dB.  Table  I  does 
show  that  the  median  TTS  (n  =  3)  did  increase 
from  -3.0  to  1.3  dB,  a  result  explainable  on 
the  basis  of  the  different  pre-exposure  base¬ 
line  thresholds. 


Daily  audiograms.  Figure  8  shows  the  re¬ 
sults  of  daily  audiograms  taken  each  morning 
and  each  evening  during  the  experiment  and 
the  differences  between  morning  and  evening 
audiograms.  Only  the  data  from  the  five  men 
tested  every  day  of  the  experiment  are  shown. 
Two  subjects  who  did  not  complete  the  experi¬ 
ment  are  not  shown.  If  alterations  in  hearing 
sensitivity  affected  the  results  it  is  probable 
that  some  indication  would  be  seen  in  the 
audiometric  data  for  11-16  through  11-19. 

On  the  morning  of  11-19, 500  Hz  was  not  ad¬ 
ministered  but  it  was  in  the  evening.  There 
was  no  diving  on  that  date  and  only  in-air, 

1000  Hz  exposures  were  administered.  At 
1000  Hz,  median  morning  hearing  levels  were 
slightly  lower  (less  than  5  dB)  when  that  fre¬ 
quency  was  administered  than  earlier  in  the 
experiment.  For  the  evening  audiograms 
there  was  no  apparent  change  in  hearing  lev¬ 
els  at  1000  Hz  throughout  the  experiment. 

The  final  panels  of  Figure  8  show  the  changes 
in  hearing  level  from  morning  until  evening. 
Negative  numbers  indicate  improved  hearing. 
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Figure  7.  Pre-exposure  threshold  at  temporary  auditory-threshold  shift  test  frequencies  for  the  in-water  and  in-air 
exposures  cfor  the  five  subjects  who  completed  the  first  experiment. 
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Figure  8,  The  results  of  daily  audiograms  (threshold  sound  pressure  levels)  taken  each  morning  and  each  evening 
during  the  experiment  and  the  differences  between  morning  and  evening  audiograms  by  date  of  administration.  Data 
are  averaged  over  left  and  right  ears  for  the  five  subjects  who  completed  the  first  experiment.  Negative  numbers  in 
the  difference  panels  indicate  poorer  hearing  (positive  threshold  shifts)  in  the  evening  than  in  the  morning. 
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Little  systematic  change  that  could  bias  the  re¬ 
sults  is  evident. 

Experiment  2 

Following  completion  of  the  first  experi¬ 
ment  the  results  were  presented  and  a  second 
request  was  submitted  to  continue  the  experi¬ 
ment  but  to  use  the  proposed  initial  exposure 
intensities  in  water.  As  stated  in  the  introduc¬ 
tion,  these  levels,  based  upon  the  results  of 
Smith  et  al.  (1988)  were  either  146  dB  or  156 
dB  depending  upon  frequency.  However,  it 
was  directed  that  the  experiment  continue  us¬ 
ing  initial  levels  of  121  dB  at  all  frequencies. 

In  order  to  maximize  the  efficiency  of  data 
collection ,  some  changes  to  the  protocol,  all 
within  the  scope  of  the  approved  protocol, 
were  made:  The  duration  of  exposures  was  re¬ 
duced  to  four  minutes  and  no  exposures 
would  be  administered  in  air  unless  the  corre¬ 
sponding  conditions  in  water  produced  a 
measurable  and  reliable  TTS. 

Method 

The  methods  was  the  same  as  for  Experi¬ 
ment  1  except  as  follows: 

Subjects.  The  subjects  were  twelve  male 
U.S.  Navy  Divers  having  no  hearing  loss 
greater  than  20  dB  at  any  frequency. 

Dive  Site.  This  experiment  was  con¬ 
ducted  at  the  same  dive  site  as  experiment  1. 

Sound  Field.  For  the  second  experiment, 
the  low  frequencies  were  projected  by  a 
USRD  J  15-3  moving  coil  projector. 

Experimental  Procedure.  During  the  sec¬ 
ond  experiment  the  procedure  differed  from 
the  first  experiment  in  that  a  pre-exposure 
audiogram  was  not  administered  before  each 
exposure.  Rather,  eight  pre-exposure 
audiograms  were  given  before  any  exposures 
began  and  before  any  diving  was  done.  These 


audiograms  were  averaged  to  determine  a 
baseline  pre-exposure  threshold.  All  TTSs 
were  computed  from  the  average  baseline 
thresholds. 

Diving,  In-water  Exposure  Regimen,  and 
Termination  Criteria.  In  the  second  experi¬ 
ment  the  exposure  duration  was  four  minutes 
and  each  day  the  exposure  frequency  was  var¬ 
ied  with  exposure  level  kept  constant.  The  ex¬ 
posure  level  was  increased  in  the  same 
manner  as  in  the  first  dives,  but  on  successive 
days  instead  of  successive  dives. 

In-air  Exposure  Regiment.  It  was 
planned  that  no  exposures  in  air  would  be  ad¬ 
ministered  except  for  experimental  conditions 
producing  reliable  TTS  from  in-water  expo¬ 
sures. 

In  addition  to  test  frequency  and  order,  ex¬ 
posure  levels  also  differed  in  the  two  experi¬ 
ments.  In  the  first  experiment  the  desired 
exposure  levels  could  not  be  achieved  at  the 
lower  frequencies  because  of  inadequate 
equipment.  For  example,  the  highest  level  at¬ 
tainable  twelve  feet  from  the  source  was 
141  dB  at  250  Hz.  The  HX-188  transducer 
was  not  useable  at  125  Hz.  In  the  second  ex¬ 
periment  a  level  of  161  dB  was  reached  at 
both  125  and  250  Hz  with  a  USRD  J  15-3 
transducer. 

Results  from  the  Second  Experiment. 

The  method  of  computing  TTS  was  altered 
in  the  second  experiment.  Instead  of  comput¬ 
ing  TTS  against  thresholds  measured  immedi¬ 
ately  prior  to  each  exposure,  a  baseline  was 
established  in  a  series  of  tests  prior  to  any 
noise  exposures.  The  intent  was  to  prevent 
possible  diving-induced  threshold  shifts  from 
contaminating  the  baseline  threshold  measure¬ 
ments.  Also,  to  save  time  and  increase  the 
number  of  exposures  possible  within  any  one 
day,  exposure  durations  were  held  to  4  min¬ 
utes.  On  an  equal  energy  basis,  this  is  equiva- 
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Table  3a 


Summary  of  temporary  threshold  shift  results  from  waterborne  exposure  for 
Experiment  2 _ _ _ _ _ 


Exposure 

121  dB 

131  dB 

141  dB 

Level 

Mean 

S.D. 

n 

Mean 

S.D. 

n 

Mean 

S.D. 

n 

125 

3.6 

4.4 

12 

7.0 

6.5 

12 

5.5 

5.5 

12 

250 

6.6 

5.8 

12 

5.7 

6.1 

12 

8.5 

6.0 

12 

500 

5.2 

4.5 

12 

8.0 

4.8 

12 

5.3 

5.7 

12 

1000 

-0.1 

3.8 

12 

1.8 

5.9 

12 

2.3 

4.8 

12 

2000 

0.9 

3.5 

12 

1.7 

4.5 

12 

4.8 

4.2 

12 

3000 

4.3 

6.2 

12 

4.0 

7.9 

12 

4.9 

6.8 

12 

4000 

4.6 

7.89 

12 

6.2 

7.7 

12 

6.5 

5.8 

12 

6000 

4.4 

7.5 

12 

3.5 

7.9 

12 

7.2 

5.2 

12 

Table  3b 

Summary  of  temporary  threshold  shift  results  from  water 
borne  exposure  for  Experiment  2 

- 

Exposure 

151  dB 

161  dB 

Level 

Mean 

S.D. 

n 

Mean 

S.D. 

n 

125 

5.6 

6.1 

12 

5.9 

5.9 

9 

250 

8.6 

8.1 

12 

6.8 

7.2 

10 

500 

5.5 

5.7 

12 

5.1 

2.7 

10 

1000 

2.0 

4.5 

12 

1.7 

1.8 

10 

2000 

2.5 

6.5 

12 

0.9 

2.1 

10 

3000 

3.0 

5.5 

12 

-0.2 

1.8 

10 

4000 

3.9 

5.5 

12 

5.3 

6.0 

11 

6000 

4.6 

5.7 

12 

5.5 

6.8 

12 

lent  to  reducing  each  exposure  level  by  5.7  dB 
compared  to  the  exposure  levels  used  during 
the  15  minute  exposures  in  the  first  experi¬ 
ment.  There  was  a  risk  that  any  subclinical 
ear  squeezes  resulting  from  repetitive  diving 
could  produce  apparent  TTS  as  the  day  wore 
on.  That  would  show  up  as  spuriously  large 
TTS  at  the  lower  exposure  frequencies. 

Table  III  is  a  summary  of  the  results  of  the 
second  experiment.  It  shows  the  mean  TTSs, 


standard  deviations,  and  number  of  subjects 
for  each  exposure  condition.  Only  11  sub¬ 
jects  are  shown  for  the  151  dB  exposure  at 
1000  Hz  because  the  computer  failed  during 
one  subject’s  post-exposure  test  after  he  had 
completed  a  four  minute  exposure.  The  re¬ 
duced  number  of  subjects  at  the  161  dB  expo¬ 
sure  levels  is  an  artifact  of  the  procedure.  At 
the  161  dB  exposure  level,  only  11  subjects 
were  run  at  4000  Hz  because  one  subject  in¬ 
curred  a  squeeze  following  his  first  exposure 


14 


15 


D 

A 


n 

A 

i 


B 


_5  I - 1 - 1 - 1 - 1 - 1— 

121  131  141  151  161 

Exposure  Level  SPL  re  1  pPa 
■  2000Hz  ♦  3000Hz  a  4000Hz  d  6000Hz  | 

Figure  9.  Mean  temporary  auditory-threshold  shifts  following  four-minute  exposures  in  water  to  the  exposure 
frequencies  2000  through  6000  Hz. 


and  was  disqualified  from  diving  for  the  day 
by  the  on  site  Diving  Medical  Officer.  Two 
subjects  were  subsequently  eliminated  be¬ 
cause  they  incurred  significant  threshold 
shifts  (not-necessarily  noise-induced)  at  some 
frequencies.  One  incurred  a  TTS  of  16.2  dB 
from  the  exposure  at  4000  Hz.  He  was  dis¬ 
qualified  from  exposure  to  any  lower  fre¬ 
quency  by  the  attending  medical  officer. 

TTius  for  the  sequentially  presented  frequen¬ 
cies  of  3000  Hz  through  250  Hz,  there  were 
only  10  subjects.  Another  subject  incurred  a 
20.5  dB  TTS  at  250  Hz  and  was  disqualified 
from  participating  at  125  Hz. 

The  mean  TTS  for  exposure  frequencies  of 
2000  through  6000  Hz  is  shown  in  Figure  9. 
Results  for  exposure  frequencies  125  through 
1000  Hz  are  shown  in  Figure  10.  For  these 
four-minute  exposures  mean  TTS  never  ex¬ 
ceeded  8.6  dB  at  any  frequency  or  exposure 
level.  As  Figures  9  and  10  show,  there  was 
no  credible  dose/effect  relationship  at  any  fre¬ 
quency.  However,  as  shown  in  Table  III,  sub¬ 
jects  were  eliminated  for  the  161  dB  exposure 
level  because  they  exhibited  greater  than  15 


dB  shifts  at  some  point.  The  growth  in  TTS 
seen  at  500  Hz  for  Experiment  1  (Figure  4)  is 
not  evident  in  Figure  10  but  the  exposure  dura¬ 
tions  in  the  second  experiment  were  shorter 
than  the  exposure  durations  in  the  first  experi¬ 
ment,  and  the  method  of  computing  the  base 
line  differed  from  the  first  experiment. 

Discussion 

The  results  shown  in  Figure  2  for  the  fif¬ 
teen  minute  exposures  in  water  at  exposure 
frequencies  of  2000  through  6000  Hz  show 
that  mean  TTS  for  those  four  frequencies 
never  was  as  large  as  5  dB  even  at  exposure 
levels  as  high  as  171  dB.  At  4000  (n=5)  and 
6000  Hz  (n=6)  the  number  of  subjects  tested 
was  sufficient  that  it  is  reasonable  to  conclude 
that  at  least  half  of  any  subjects  exposed  to 
these  conditions  would  incur  TTSs  smaller 
than  can  be  reliably  detected  in  routine  clini¬ 
cal  audiometry  (5  dB).  Contrast  this  with  the 
results  shown  in  Figure  5  for  exposure  in  air 
at  the  same  frequencies.  It  shows  that  by  the 
131  dB  exposure  level  (100  dB  re  20  /rPa), 
most  subjects  had  incurred  at  least  a  10  dB 
TTS.  Rough  interpolation  based  upon  the 
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Figure  10.  Mean  temporary  auditory-threshold  shifts  following  four-minute  exposures  in  water  to  the  exposure 
frequencies  125  through  1000  Hz. 


data  points  given  in  Figure  5  indicate  that  be¬ 
tween  the  118  dB  and  124  dB  exposure  levels, 
the  mean  subject  would  have  incurred  a  TTS 
of  10  dB  at  these  frequencies.  That  is,  the  dif¬ 
ference  in  TTS  inducing  potency  for  noise  ex¬ 
posures  in  air  and  in  water  in  this  frequency 
region  is  at  least  37  dB  at  20(K)  and  3000  Hz 
and  at  least  47  dB  at  40{K)  and  6(K)0  Hz. 

These  results  are  not  surprising.  Smith  et 
al.  (1970)  found  that  15  minute  exposures  to 
3500  Hz  intermittent  tones  ( 1 250  msec  on, 
1250  msec  off)  at  194  and  204  dB  produced 
median  TTSs  of  about  8  and  28  dB  respec¬ 
tively  (n  =  6).  Thus,  even  a  continuous  expo¬ 
sure  for  15  minutes  to  tonal  signals  in  the 
3000  to  4000  Hz  range  at  171  dB  would  not 
be  expected  to  produce  measurable  TTS  in 
most  subjects.  Smith  et  al.  (1988)  found  that 
a  sound  pressure  level  of  166  to  176  dB  for 
tones  at  1400  Hz  produced  about  the  same 
TTS  as  a  126  dB  tone  in  air  given  the  same  ex¬ 
posure  duration.  Montague  and  Strickland 
(1961)  found  that  divers  would  tolerate  1500 
Hz  tones  at  sound  pressures  up  to  191  dB  but 
not  above  201  dB.  That  suggests  that  the 


maximum  level  of  161  dB  at  1000  and  2000 
Hz  that  was  used  in  the  Experiment  1  would 
not  produce  much  TTS. 

The  results  for  15-minute  exposure  to  500 
Hz  indicate  that  at  that  frequency  the  mean 
subject  would  incur  a  10  dB  TTS  with  an  in¬ 
air  exposure  level  of  about  126  dB.  That  mag¬ 
nitude  of  TTS  would  be  induced  by  an 
in-water  exposure  level  somewhat  above  151 
dB.  Thus  noise  in  water  at  500  Hz  must  have 
a  sound  pressure  level  at  least  25  dB  greater 
than  in  air  to  present  the  same  auditory  hazard. 

The  failure  to  find  a  credible  dose/response 
relationship  between  waterborne  sound  levels 
and  TTS  during  the  second  experiment  may 
be  due  to  the  shorter  exposure  duration  and/or 
the  manner  in  which  baseline  audiograms 
were  determined. 

From  the  results  shown,  it  is  apparent  that 
exposure  in  water  to  the  conditions  of  these 
experiments  is  not  hazardous  to  divers’  hear¬ 
ing.  Most  trials  were  followed  by  comments 
from  the  subject  to  the  effect  that  the  sound 


16 


was  faint;  only  at  the  higher  exposure  levels  at 
some  frequencies  did  they  describe  the  signal 
as  “beginning  to  get  loud”.  Further  evidence 
of  the  innocuous  nature  of  the  in-water  expo¬ 
sure  levels  used  here  is  that  the  subjects  com¬ 
plained  about  in-air  exposure  levels  as  being 
loud  and  unpleasant.  Few  such  complaints 
were  made  about  the  waterborne  signals. 

However,  the  lack  of  consistently  measur¬ 
able  TTS  limits  the  utility  of  these  results. 

The  present  results  do  not  provide  a  test  for 
the  equal  sensory  magnitude  hypothesis  and, 
more  to  the  point,  they  do  not  permit  deriva¬ 
tion  of  hearing  conservation  rules  for  expo¬ 
sure  to  underwater  sound. 

The  results  for  the  15-minute  exposures  to 
500  Hz  indicate  that  this  research  was  on  the 
correct  path.  Initial  exposure  levels  should 
have  been  considerably  higher  than  those  used 
in  the  present  experiments.  The  initial  expo¬ 
sure  levels  proposed  by  Smith  et  al.  (1988) 
would  have  produced  more  useful  results. 
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Preliminary  hearing-conscivation  guidance  for  occupational  exposure  to  intense  waterborne  sound  has 
been  developed  but  little  supporting  experimental  evidence  has  been  offered.  This  paper  describes  two 
attempts  to  experimental  1\  determine  the  auditory  hazard  to  SCUBA  divers  exposed  to  intense  noise  in  water. 
Navy  divers  using  US  Navy  approved  self  contained  underwater  breathing  apparatus  were  exposed  to 
waterborne  warble  tones  with  center  frequencies  of  125  Hz  through  6000  Hz  in  two  experiments.  In  the  first 
experiment,  the  subjects,  seven  divers,  were  exposed  continuously  for  15  minutes  to  warble  tones  with  center 
frequencies  of  250  Hz  through  6000  Hz  both  in  air  and  in  water  and  temporary  auditory  threshold  shift 
measurements  were  taken.  Maximum  exposure  levels  in  water  were  141  dB  re  1  juPa  at  250  Hz,  161  dB  at 
500, 1,000,  2,000,  and  3,000  Hz,  and  171  dB  at  4,000  and  6,000  Hz.  Exposure  levels  of  the  warble  tones  in 
air  were  as  high  as  141  dB  (1 15  dB  re  20  /rPa).  A  second  group  of  12  subjects  were  exposed  continuously  for 
four  minutes  to  waterborne  warble  tones  with  center  frequencies  of  125  Hz  through  6000  Hz  at  exposure 
levels  of  121  to  161  dB  re  1  juPa.  For  the  first  group  (fifteen  minute  exposures)  mean  TTS  was  typically  less 
than  5  dB  following  exposures  in  water  regardless  of  exposure  level  except  for  the  500  Hz  exposure  condition. 
For  the  500  Hz  condition,  TTS  appeared  to  grow  as  a  function  of  exposure  level  between  exposure  levels  of 
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19.  (cont.) 

141  to  161  dB.  The  maximum  TTS  observed  in  any  subject  was  15.5  dB  for  any  15  minute  exposure 
condition.  For  the  second  group,  mean  TTS  was  never  as  high  as  10  dB  for  any  exposure  condition  and  no 
credible  dose/response  relationship  was  apparent.  It  was  concluded  that  bareheaded  SCUBA  divers  may  be 
exposed  continuously  for  fifteen  minutes  to  warble  tones  centered  at  2000  Hz  through  3000  Hz  at  sound 
pressure  levels  as  high  as  161  dB  re  1  /tPa,  and  to  warble  tones  centered  at  4000  Hz  through  6000  Hz  at  sound 
pressure  levels  as  high  as  171  dB  re  1  /tPa  without  hazard  to  hearing.  Bareheaded  SCUBA  divers  may  be 
exposed  for  four  minutes  to  warble  tones  (125  Hz  through  1000  Hz)  at  sound  pressure  levels  as  high  as  161 
dB  re  1  /tPa  without  hazard  to  hearing.  Longer  exposures  at  these  frequencies  and  levels  may  not  be 
innocuous.  However,  fifteen  minute  exposures  to  500  and  1000  Hz  warble  tones  are  not  hazardous  to  ears  at 
151  dB  re  1  /tPa.  The  warble  tones  used  here  are  comparable  to  1/3  octave  bands  of  noise  or  frequency 
sweeps  of  the  same  extent  (e.g.  some  sonar  transmissions).  Because  initial  exposure  levels  were  low, 
insufficient  time  was  available  to  create  conditions  in  which  measurable  TTS  could  be  induced  with  most 
in-water  exposures.  Some  results  indicate  that  at  500  Hz,  noise  exposure  levels  in  water  may  be  about  25  dB 
higher  than  permissible  exposure  levels  in  air. 


DD  Form  1473,  JUN  86  (Reverse) 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 

UNCLASSIFIED 


